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Abstract 
The unfolded protein response (UPR) is activated by various stresses during vegetative development in 
Arabidopsis, but is constitutively active in anthers of unstressed plants. To understand the role of the UPR 
during reproductive development, we analyzed a double mutant, ire1a ire1b. The double mutant knocks 
out the RNA splicing arm of the UPR signaling pathway and is fertile at room temperature, but is male 
sterile at modestly elevated temperature (ET). The conditional male sterility in the mutant is a sporophytic 
trait, and when the double mutant was grown at ET, defects appeared in the structure of the tapetum. As a 
result, the tapetum in the double mutant failed to properly deposit the pollen coat at ET, which made 
pollen grains clump and prevented their normal dispersal. IRE1 is a dual protein kinase/ribonuclease 
involved in the splicing of bZIP60 mRNA, and through complementation analysis of various mutant forms 
of IRE1b, it was demonstrated that the ribonuclease activity of IRE1 was required for protecting male 
fertility from ET. It was also found that overexpression of SEC31A rescued the conditional male sterility in 
the double mutant. SEC31A is involved in ER to Golgi trafficking and a major target of the IRE1-mediated 
UPR signaling in stressed seedlings. Thus, IRE1, a major component of the UPR, plays an important role in 
protecting pollen development from ET. 
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Summary 
The unfolded protein response (UPR) is activated by various stresses during vegetative 
development in Arabidopsis, but is constitutively active in anthers of unstressed plants.
To understand the role of the UPR during reproductive development, we analyzed a 
double mutant, ire1a ire1b.  The double mutant knocks out the RNA splicing arm of the 
UPR signaling pathway and is fertile at room temperature, but is male sterile at modestly 
elevated temperature (ET).  The conditional male sterility in the mutant is a sporophytic 
trait, and when the double mutant was grown at ET, defects appeared in the structure of 
the tapetum.  As a result, the tapetum in the double mutant failed to properly deposit the 
pollen coat at ET, which made pollen grains clump and prevented their normal dispersal. 
IRE1 is a dual protein kinase/ribonuclease involved in the splicing of bZIP60 mRNA, and 
through complementation analysis of various mutant forms of IRE1b, it was 
demonstrated that the ribonuclease activity of IRE1 was required for protecting male 
fertility from ET.  It was also found that overexpression of SEC31A rescued the 
conditional male sterility in the double mutant.  SEC31A is involved in ER to Golgi 
trafficking and a major target of the IRE1-mediated UPR signaling in stressed seedlings.   
Thus, IRE1, a major component of the UPR, plays an important role in protecting pollen 
development from ET.  
Introduction
Abiotic stress brought about by drought, temperature extremes or salinity result in some 
of the greatest crop losses worldwide (Boyer 1982, Quin et al. 2011).  Abiotic stresses 
affect both vegetative and generative plant development, but heat stress usually has its 
greatest impact on plant reproduction (Bac-Molenaar et al. 2015, Wahid 2007).  Male 
reproductive development, including pollen production and pollination, s highly 
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vulnerable to heat stress (Barnabas et al. 2008, Fragkostefanakis et al. 2016, Saini and 
Aspinall 1982, Stone 2001, Zinn et al. 2010).  Heat stress interferes with gametophyte 
development, inhibiting pollen germination and tube growth and obstructing the 
development or function of reproductive tissues (Snider and Oosterhuis 2011). 
High temperature has been shown to affect the quantity, chemical composition, 
metabolism, morphology and viability of pollen (reviewed in Hedhly et al. 2009).  The 
production of viable pollen requires coordination between the developing gametophytic 
and sporophytic tissues in anthers, and this coordination can be upset by adverse 
environmental conditions (Saini et al. 1984, Sakata and Higashitani 2011).  The tapetal 
cell layer surrounding the developing male gametophytes plays a critical role in pollen 
development as evidenced by tapetum ablation experiments (Goldberg et al. 1993, 
Mariani et al. 1990).  The tapetum functions by contributing to post-meiotic microspore 
release, microspore and pollen nutrition, and outer pollen wall synthesis (Ariizumi and 
Toriyama 2011, Pacini et al. 1985, Piffanelli and Murphy 1998, Quilichini et al. 
2014a).  Coordination between gametophytic and sporophytic tissues in anthers also 
requires programmed cell death of the tapetum (Blackmore et al. 2007, Parish and Li 
2010).  In the rice mutant, tapetum degeneration retardation (tdr), delayed degradation 
of the tapetum leads to collapse of microspores and is associated with male sterility (Li et 
al. 2006).  The development of the tapetum in Arabidopsis is guided by sequential 
expression of a series of transcription factors initiated by DYSFUNCTIONAL TAPETUM 
1 (DYT1), TAPETAL DEVELOPMENT AND FUNCTION 1 (TDF1) and ABORTED 
MICROSPORES (AMS), followed by MALE STERILE 188 (MS188) and -1 (MS1) (Zhu 
et al. 2011).  AMS, a tapetum-specific bHLH transcription factor, acts as a master 
regulator of many genes, coordinating the biosynthesis of pollen wall components (Xu et 
al. 2014).
Pollen walls are multilayered structures consisting of a pectocellulosic intine 
underlying the sporopollenin-based exine layer, which is further covered by a lipid-r ch 
pollen coat in many species.  The exine is sculpted, composed of radially directed rods, 
the baculae, capped by tecta (Ariizumi and Toriyama 2011).  After synthesis in the 
tapetum, sporopollenin precursors, consisting largely of hydroxylated tetraketide α-
pyrones or similar polyketides (Grienenberger et al. 2010) and one component of the 
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pollen coat, hydroxycinnamoyl spermidines, areexported into the anther locule prior to 
tapetum programmed cell death (Quilichini et al. 2014b).  Subsequently, the tapetum 
ruptures, dispersing its contents into the anther locule and depositing the remainder of the 
coat on the sporopollenin-based pollen wall (Quilichini et al. 2014a).  Thus, the tapetum 
plays an important role in the development of the mature pollen wall. 
The unfolded protein response (UPR) is particularly responsive to heat stress in 
plants (Deng et al. 2011).  Its molecular signature is the upregulation of genes encoding 
endoplasmic reticulum (ER) chaperones and components of the ER-associated 
degradation (ERAD) system (Martinez and Chrispeels 2003).  Adverse environmental 
conditions interfere with the proper folding of proteins in the ER, creating a condition 
defined as ER stress, which triggers the UPR and activates transcription factors that 
upregulate stress response genes (Liu and Howell 2010b).  The transcription factors are 
activated through a signaling pathway that has two arms in plants (Howell 2013, Iwata 
and Koizumi 2012).  One arm consists of membrane-associated transcription factors, 
such as bZIP17 and -28, and the other arm involves the splicing of bZIP60 messenger 
RNA by INOSITOL REQUIRING ENZYME 1 (IRE1) (Deng et al. 2011, Nagashima et 
al. 2011).  While these are separate arms of the UPR signaling pathway, they converge to 
upregulate overlapping sets of stress response genes (Liu and Howell 2010a).  IRE1 
further shapes the stress transcriptome by degrading various mRNAs through a process 
called RIDD (Regulated IRE1-dependent decay of mRNA) (Maurel t al. 2014, Mishiba 
et al. 2013).
The UPR is activated by stress in vegetative tissues but is constitutively active in 
anthers as evidenced by the production of spliced forms of bZIP60 under unstressed 
conditions (Iwata et al. 2008) and the expression of other genes characteristic of the 
UPR in flowers (Honys and Twell 2003, Iwata et al. 2010).  The function of the UPR is 
critical for male gametophyte development because the triple mutant, which knocks out 
both arms of the UPR signaling pathway is male sterile (Deng et al. 2013).  Through the 
analysis of the ire1a ire1b double mutant in this study we found that components of the 
UPR signaling pathway play important roles in protecting male gametophyte 
development from heat stress, particularly as it relates to the interaction between 
developing gametophytes and the tapetum in the formation of the pollen wa l. The double 
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mutant is conditionally male sterile at elevated temperature (ET), but fertility can be 
restored under these conditions by overexpression of SEC31A, encoding a COPII 
membrane vesicle trafficking protein.   
Results
Effect of a UPR mutant on male reproductive development 
To examine the role of the UPR during reproductive development, we disabled 
one arm of the UPR signaling pathway with T-DNA insertion mutations inactivating both 
IRE1a and IRE1b.  The double mutant ire1a-2 ire1b-4 incapacitates the RNA splicing 
arm and prevents RIDD (Hollien and Weissman 2006), but leaves the membrane–
associated transcription factor arm intact. The double mutant had no noticeable effects on 
vegetative growth at room temperature (RT, 23°C) or at moderately ET, 27.5°C (Figure 
S1a, upper panel).  However, at ET the double mutant had profound effects on silique 
development, a condition that was not observed in wild-type (WT) plants (Figure S1a, 
lower panel).  Siliques on ire1a-2 ire1b-4, grown at ET upon bolting and allowed to self, 
were generally one third to one fourth as long as those on WT and most devoid of seeds, 
(Figure S1b).  The single ire1b-4 mutant did not show similar temperature sensitivity.  
Instead, the siliques on the single ire1b-4 mutant were comparable to WT in size and seed 
set when grown under similar ET conditions (Figure S2a, b). The ire1b-4 allele in the 
ire1a-2 ire1b-4 double mutant line is from the Syngenta Arabidopsis Insertion Library 
(SAIL) collection and also bears an identifying quartet1-2 (qrt1-2) mutation (Sessions et 
al. 2002).  To demonstrate that the temperature sensitive phenotype is not attributable to 
the background qrt mutation, we analyzed another double mutant, ire1a-2 ire1b-5 
without a qrt mutation in the background, and found that it had a similar temperature-
sensitive silique development phenotype, with shortened siliques generally devoid of 
seeds, similar to ire1a-2 ire1b-4 (Figure S3).  To further demonstrate that conditional 
male sterility in the double mutant is due to ire1 mutations, we complemented ire1a-2 
ire1b-4 with 35S:IRE1b transgene and found that it restored fertility at the ET (Figure 
1a, b).  Note that silique length was not fully restored in the complemented line, 
however, the number of seeds per silique was slightly greater in the complemented line 
than WT.  The differences could be due to the fact that the expression of the IRE1b 
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transgene was driven by the 35S promoter.  Nonetheless, the complementation 
experiment demonstrated that the conditional sterility  phenotype was due to the ire1 
mutations.   Therefore, from this point forward, we refer to the double mutant bearing the 
ire1b-4 allele simply as ire1a ire1b.  
Defects in male gametophytes 
To gain further insight into the cause of the conditional sterility of the double 
mutant at ET, we used reciprocal crosses to determine whether the temperature sensitivity 
was a defect in male or female reproductive development.  In the crosse  between ire1a 
ire1b and WT, in which the parents had been grown at ET upon bolting, seeds were 
produced when WT was the pollen donor, demonstrating normal female fertility in re1a 
ire1b.  However, seeds were not produced when the double mutant was the pollen donor 
(Table 1).  Therefore, it was concluded that the conditional sterility in ire1a ire1b was 
due to a defect in male reproductive development.  
Pollen produced in the double mutant appeared to be viable when plants were 
grown at RT as assessed by Alexander’s vital stain (Peterson et al. 2010) (Figure 2, 
upper panel), and because fertility appeared to be normal in selfing the mutant plants at 
RT. However, most of the pollen did not appear viable in anthers of the double mutant 
grown after bolting at ET (Figure 2, lower panel). 
The temperature-sensitive male sterility in the double mutant could be due to 
gametophytic or sporophytic defects since pollen development isconditioned by both 
gametophytic and sporophytic genetic determinants (McCormick 1993, McCormick 
2013).  To distinguish between these, we tested whether the ire1b allele was transmitted 
at ET in the double mutant heterozygous at the ire1b locus (ire1a/ire1a ire1b/+).  If the 
defects were sporophytic, then the ire1b allele would be transmitted normally, and 
homozygous double mutants should be recovered.  If the ire1b mutation was recessive 
then the sporophytic tissue would be heterozygous and non-mutant. On the other hand, if 
the defects in the double mutant were gametophytic, then we would not detect 
transmission of ire1b through the male parent, and hence not be able to recover 
homozygous double mutants.  We observed that the ire1b allele in the double mutant 
heterozygous at the ire1b locus was transmitted normally at ET, and a mix of 
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heterozygous and homozygous progeny at the expected 1:2:1 frequency was recovered 
(Table 2).  Therefore, we concluded that the temperature-sensitive defects during male 
gametophyte development in the double ire1a ire1b mutant are sporophytic. 
Light and electron microscopic analysis of anthers and pollen 
To determine the nature of the pollen defects in the double mutant, we looked for 
abnormalities in the male gametophyte at different stages of anther development 
(Goldberg et al. 1993) when plants were grown at ET.  During premeiotic development 
and microsporogenesis in ire1a ire1b, no obvious difference between WT and the double 
mutant was observed by light microscopy (LM) (Figure 3, upper panel). Whereas, 
during microsporogenesis n the double mutant at ET, the tapetum appeared more highly 
vacuolated and distended than WT, and in many locules, remnants of the tapetum or its 
contents persisted into late stages of development (Figure 3, middle and lower panels).  
In the double mutant, some pollen grains at dehiscence appeared to mature fully, while 
others were aborted, appearing as collapsed shells lacking cytoplasmic contents.  Upon 
dehiscence at ET in the double mutant, most pollen grains in the anther were clumped 
and failed to be released from the anther.  
Higher resolution images of the developing pollen using transmission (TEM) and 
scanning (SEM) electron microscopy permitted a clearer visualization of the defects.  
WT pollen appeared normal t ET, exhibiting an exine with well-formed baculae and 
tecta (Figure 4a-b). The double mutant also developed an exine (Figure 4c, Figure S4 a-
c), however, an el ctron-dense stained pollen coat material covered some of the surfaces 
of the pollen grains and this was most apparent in SEM images (Figure 4d, Figure S4 d-
f).  To determine whether the patterning of the wall on mature pollen grains differs in WT 
and ire1a ire1b grown at ET, pollen was stained with Auramine O (Figure S5). Staining 
is an indicator of the presence and patterning of sporopollenin in the pollen wall, because 
pollen produced in mutants with defects in the biosynthesis of sporopollenin precursors 
do not fluoresce or exhibit abnormal patterning when stained with Auramine O (Dobritsa 
et al. 2009).  The staining revealed that released pollen grains from WT and the double 
mutant possessed normal sporopollenin-containing pollen walls. 
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Outer pollen wall analysis by two-photon microscopy 
Since the sporophytic tapetum provides sporopollenin and pollen coat constituents 
to pollen, we examined the outer pollen walls of WT and ire1a ire1b at ET prior to the 
breakdown of the tapetum to determine whether there were compositional changes in the 
double mutant. We analyzed immature anthers utilizing two-photon excitation 
microscopy (2-P microscopy), which is capable of deep imaging of living tissue.  2-P 
microscopy has been used recently to analyze the intrinsic fluorescence of mutants with 
defects in the biosynthesis and transport of sporopollenin precursors and pollen coat 
hydroxycinnamoyl (HC) spermidines (Quilichini et al. 2014b).  We observed that the 
pollen walls in the double mutant grown at ET had different intrinsic fluorescence 
properties from WT (Figure 5).  The outer pollen wall in the double mutant showed a 
distinct shift in fluorescence from shorter wavelengths in WT (false colored teal) to 
longer wavelengths in the double mutant (false colored red).  In addition, some of the 
material in the anther locules of the double mutant fluoresced intensely at both shorter 
and longer wavelengths (false colored white).  In some mutant anthers, pollen grains 
appeared intact but closely associated with each other (Figure 5, upper panel) while in 
others many pollen grains were collapsed (Figure 5, lower panel). The intrinsic 
fluorescence properties of the pollen in the double mutant mirrored the properties of the 
hydroxycinnamoyl (HC)-spermidine transferase (sht) mutant that exhibits defects in the 
synthesis of autofluorescent pollen coat materials (Quilichini et al. 2014b). 
The UPR double mutant broadly affects the flower transcriptome 
To investigate the nature of the pollen defects in the double mutant at ET, we 
conducted RNAseq analysis to compare gene expression profiles from staged flowers of 
ire1a ire1b to that of WT.  In comparison to WT, 1417 genes in ire1a ire1b flowers were 
identified as differentially expressed genes (DEGs), (as defined by the criterion of qval 
<= 0.05 and log2 FC >1 increase or decrease, see Data S1).  Among the genes most 
highly downregulated in the double mutant t ET were several encoding small cysteine-
rich pollen coat proteins and expansins (Table S1). We verified by qRT-PCR the 
differential expression ascertained by RNAseq analysis for two downregulated genes 
(At5g47350 and At4g15750) (Figure S6a).  While many genes were downregulated in 
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the double mutant, there were others that were conspicuously absent from the list of 
DEGs, such as the genes encoding the cascade of transcription factors involved in 
tapetum development (Table S2) (Iwata and Koizumi 2012, Zhu et al. 2011).  The 
genes encoding enzymes of the tapetum metabolome involved in the synthesis of 
sporopollenin precursors, such as acyl-CoA synthetase, polyketide synthases and the 
putative transporter for polyketide trafficking, were also not significantly downregulated 
in the double mutant (Ariizumi and Toriyama 2011, Lallemand et al. 2013, Quilichini 
et al. 2014b).  Neither was spermidine hydroxycinnamoyl transferase (SHT), encoded by 
a gene expressed in the tapetum and involved in the synthesis of pollen coat 
hydroxycinnamoyl spermidines (Grienenberger et al. 2009) (Table S3).  Although 
ire1a ire1b are loss-of-function mutations, there were still a number of genes that were 
upregulated in the double mutant at ET.  Notable were peroxidase genes (At2g18150 and 
At4g36430), which were upregulated more than 20 fold (Table S4, Figure S6b).  
bZIP60 mRNA is the splicing target of IRE1a and IRE1b, and it is spliced in 
response to ER stress in seedlings but spliced constitutively in flowers (Iwata et al. 
2008).  However, as expected, bZIP60 mRNA was not spliced in flowers of ire1a 
ire1b at RT or ET ( S7).  Therefore, we asked whether bZIP60 mutants have 
phenotypes similar to ire1a ire1b.  Of the two T-DNA exon insertion mutants, bzip60-1 
and bzip60-2, the former was reported by Zhang et al. (2015) to be a weak allele based 
on its resistance to TuMV infection.  They claimed that bzip60-1 is a knock down mutant, 
while bzip60-2, the strong allele, blocks bZIP60 mRNA splicing, which is necessary for 
the synthesis of the active form of bZIP60.  Fertility, as indicated by silique length, in 
bzip60-2, but not in bzip60-1, was sensitive to ET ( S8).  However, the 
reduction in fertility, as assessed by silique length, was not as severe in bzip60-2 as 
it was in the ire1a ire1b double mutant.  Therefore, it appears that bzip60 
contributes to the conditional sterility phenotype, but not as much as ire1a ire1b. 
Since IRE1 is a dual protein kinase/RNase, we set out to determine what 
IRE1 functions support male fertility at ET.  To do so, we introduced different 
mutant forms of IRE1b into the ire1a ire1b double mutant and tested for 
complementation.  As described earlier, the nonmutant form of IRE1b driven by the 
35S promoter (35S:IRE1b) was able to restore fertility in a ire1a ire1b background 
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at ET ( ).  We tested three mutant forms of IRE1b that had been described in 
Deng et al (2013).  One mutant form, N820A, is defective in IRE1b’s RNase activity, 
while mutant D628A inactivates the protein kinase catalytic activity and D608N 
K610N disables the nucleotide binding activity of IRE1b ( ).  N820A lacking 
the RNase activity failed to complement ire1a ire1b and restore fertility. D608N 
K610N also failed to complement ire1a ire1b, although its requirement for fertility 
was not as stringent as WT.  On the other hand, D628A restored fertility at ET 
comparable to WT ( ).  It should be noted that nucleotide binding to the 
protein kinase domain is required to activate the RNase activity of IRE1, but the 
catalytic activity of the protein kinase is not required (Papa et al. 2003).  Altogether, 
the mutant findings demonstrate that the RNase function of IRE1b is required for 
restoration of conditional male sterility. 
Rescue of temperature sensitive phenotype 
In considering other genes that might suppress the defects in ire1a ire1b and 
restore fertility at ET, we turned to a gene (At1g18830) encoding a SEC31-like protein 
that is most profoundly dependent on IRE1a IRE1b in seedlings subjected to ER stress 
and that is downregulated in re1a ire1b stressed seedlings compared to WT (Table S5).  
At1g18830 (described in TAIR as SEC31A) is involved in COPII vesicle formation. 
Furthermore, Song et al. (2015) recently demonstrated that the expression of SEC31A is 
activated by bZIP28 and by bZIP60, the latter, a downstream target of IRE1, described 
previously.  Given the strong dependence of SEC31A expression on IRE1A and/or IRE1B 
in seedlings subjected to ER stress, we tested whether SEC31A driven by the 35S 
promoter could rescue the conditional male sterile phenotype in ire1a ire1b. Transgenic 
lines overexpressing SEC31A, such as line S-2 (Figure 6a), restored male fertility at ET 
in ire1a ire1b, while low expressing lines, such as S-5, did not (Figure 6b-d).  Fertility 
restoration was demonstrated by silique elongation and seed production.  
Discussion 
The UPR is active in flowers 
This study demonstrates that IRE1, a major component of the UPR signaling 
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pathway, plays an important role in protecting male gametophyte development from ET 
in Arabidopsis.  The UPR is constitutively active in flowers and likely comes into play 
during male gametophyte development because of heavy secretion demands on the 
tapetum during microspore and pollen formation (Qin et al. 2013, Quilichini et al. 
2014a).
The tapetum and pollen coat 
We observed that the defects in pollen development in the double ire1a ire1b 
mutant at ET are sporophytic in nature and appear to involve functions of the tapetum.  
The tapetum plays an important role in male gametophyte development, elaborating and 
exporting materials that contribute to pollen development and outer wall formation (Liu 
and Fan 2013, Zhu et al. 2011).  Many of the genes encoding components likely to 
participate in pollen wall or coat construction are downregulated in the double ire1a 
ire1b mutant (Table S1).  These are genes not typically associated with the UPR in plants 
(Martinez and Chrispeels 2003) and may be downregulated through a feedback 
mechanism elicited by malfunctions in the ER at ET. 
The tapetal defects in ire1a ire1b are associated with improper deposition of 
pollen coat materials on the developing pollen grains in the double mutant a  ET. During 
dehiscence, mature pollen grains released from the double mutant plants at ET stain with 
Auramine O indicating that a sporopollenin pollen wall is present and exhibits normal 
reticulate patterning. SEM observations also revealed reticulate wall formation, however, 
the abundant material deposited on the patterned surface suggested pollen coat 
abnormalities. A change in pollen coat properties was further apparent by two-photon 
microscopy analysis of living anthers, which showed a marked difference in the intrinsic 
fluorescence of WT and ire1a ire1b.  WT microspores fluoresced strongly at shorter 
wavelengths characteristic of HC spermidines, while mutant microspores fluoresced at 
longer wavelengths, indicative of microspores without a normal pollen coat, p ssibly 
lacking HC spermidines. Unlike most pollen coat constituents that are deposited on the 
pollen wall after tapetum programmed cell death, the transport of pollen coat HC 
spermidines from the tapetum has been shown to occur prior to tapetum rupture 
(Quilichini et al. 2014b). The export of tapetum-derived HC spermidines occurs by an 
This article is protected by copyright. All rights reserved 
unknown mechanism that is ABCG26-independent. Thus, it is possible that in the double 
mutant examined in this study, the mechanism for exporting HC spermidines out of the 
tapetum is perturbed at ET.  
Restoring male fertility with IRE1b mutant transgenes 
Since IRE1 is required to maintain normal male fertility at ET, we determined 
more precisely what IRE1 functionalities are needed for that purpose.  IRE1 is a dual 
protein kinase/RNase, and we have developed mutants to disable its various 
functions ( ), which include its RNase activity, protein kinase catalytic 
activity and protein kinase nucleotide binding activity (Deng et al. 2013).  In 
complementation experiments with the IRE1b mutant transgenes, we found that the 
RNase activity of IRE1b was necessary to maintain male fertility at ET.  In addition, we 
observed that IRE1b’s nucleotide binding activity, which activates the RNase domain, 
was also required for fertility , although the defects caused by mutations in the nucleotide 
binding domain were not as severe as those in the RNase domain.  The catalytic activity 
of the protein kinase was not required for fertility.  The reason being that in yeast, the 
nucleotide binding activity is required to activate IRE1’s RNase activity, but the protein 
kinase catalytic activity is not (Papa et al. 2003).  Therefore, we conclude that the 
nucleotide binding activity in Arabidopsis IRE1 is required for fertility at ET to activate 
IRE1b’s RNase activity.  
The RNase activity of IRE1b plays a central role in the splicing of its major 
splicing target, bZIP60 mRNA.  The RNase cuts the double hairpin loops in bZIP60 
mRNA removing a 23b intron and producing a critical frameshift allowing for the mRNA 
to encode a transcription factor, bZIP60, which is targeted to the nucleus (Deng et al. 
2011).  However, the IRE1b RNase activity also engages in other activities, particularly 
in regulated IRE1-dependent decay (RIDD), which degrades the mRNAs of secreted 
proteins synthesized by ribosomes on the ER (Mishiba et al. 2013).   
Thus, the role of RNase activity of IRE1b in maintaining male fertility at ET 
could be due to its RNA splicing or its RIDD activity.  To determine which or both are 
involved, we investigated whether or not the conditional male sterility was 
dependent on bZIP60.  We employed two bzip60 T-DNA insertion mutants to 
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address that issue ( ) – bzip60-1 is reportedly a leaky mutant while bzip60-
2, which blocks the IRE1 mediated splicing of the mRNA, is a stronger mutant 
(Zhang et al. 2015).  We found that bzip60-1 did not confer conditional male 
sterility, however, bzip60-2 did so moderately, leading us to conclude that bZIP60 
must be involved in promoting male fertility at ET, but that RIDD must contribute as 
well.  With respect to RIDD, it is interesting to think of the transcript of a gene that 
must be degraded by IRE1b to promote male fertility at ET.  Such candidate gene(s) 
might likely be found in the list of genes upregulated in ire1a ire1b flowers at ET 
( ).
Restoring male fertility with SEC31A 
Since the tapetum plays a critical role in secreting pollen wall and coat materials, 
we considered the possibility that overexpression of a gene involved in export from the 
ER might overcome the deficits resulting from a partially disabled UPR.  The major 
target of the UPR signaling pathway in stressed Arabidopsis seedlings is SEC31A, 
encoding a factor involved in ER trafficking.  The expression of SEC31A is highly 
dependent on IRE1a and IRE1b in seedlings treated with tunicamycin, an ER stress agent 
(Koizumi et al. 1999).  In addition, Song et al. (2015) reported that SEC31A is 
transcriptionally activated by bZIP60.  When we overexpressed SEC31A with the 35S 
promoter in ire1a ire1b, we found that, indeed, it rescued the conditional male sterility in 
the double mutant.  Sec31p is a component of the ER-to-Golgi trafficking machinery in 
yeast where it forms a heterotetramer with Sec13p that makes up the outer layer of the 
COPII vesicle (Lee et al. 2004, Matsuoka et al. 1998).  In Arabidopsis there are two 
isoforms of SEC31 (At1g18830 and At3g63460).  The function of At3g63460 as a 
canonical COPII vesicle coat component has been established by demonstrating that it 
complements secretion defects in a ye st sec31 ts mutant (De Craene et al. 2014).   The 
same has not yet been shown for At1g18830, nonetheless, it is possible that At1g18830 
plays a comparable role in vesicle trafficking, but does so in pollen formation.   
The rescue of the ire1a ire1b conditional sterility by the overexpression of 
SEC31A (At1g18830) was remarkable, simply because so many genes are downregulated 
at ET in this mutant.  However, the overexpression of SEC31A could have pleiotropic 
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effects by promoting the secretion of pollen coat products that confer temperature stress 
tolerance. Alternatively, the overexpression of SEC31A may enhance a trafficking 
function so as to relieve feedback processes that may downregulate the genes described 
above.  These propositions will require further study.  Nonetheless, SEC31A acts as a 
restorer of the conditional male sterility brought about by mutations in the UPR genes. 
Male gametophyte development appears to be quite sensitive to defects in ER to 
Golgi trafficking.  Conger et al. (2011) and Tanaka et al. (2013) described Arabidopsis 
mutants in SEC24A (At3g07100) and SEC24B (At3g44340), respectively, both of which 
were defective in male transmission of mutant sec24 allele.  SEC24 is a COPII 
component, but it functions in selective cargo capture (Aridor et al. 1998, Kuehn et al. 
1998).  Unlike the situation in our study, the sec24 defects were gametophytic affecting 
pollen germination.  Nonetheless, these findings demonstrate that defects in ER to Golgi 
trafficking affect both gametophytic and sporophytic aspects of male gametophyte 
development.
Pollen viability and temperature tolerance 
The UPR likely comes into play during male gametophyte development because 
of the high secretion demands placed on the tapetum for pollen wall and coat formation.  
These demands result in ER stress, which ativ tes IRE1a and/or IRE1b and leads to 
bZIP60 mRNA splicing and/or RIDD activity, both of which are functions of the RNase 
activity of IRE1 and both of which contribute to shaping the stress transcriptome (Figure 
7).  The splicing of bZIP60 mRNA by IRE1 leads to the production of an active 
transcription factor, bZIP60, that upregulates the expression of many genes (Iwata et al. 
2008, Iwata and Koizumi 2005).  while the RIDD activity of IRE1 degrades the 
transcripts of many other genes (Mishiba et al. 2013).  
Pollen production requires temporal and spatial coordination between the 
developing gametophytes and the surrounding sporophytic tissues (Blackmore et al. 
2007).  After microspore mitosis I, the tapetum in Arabidopsis undergoes programmed 
cell death (Vizcay-Barrena and Wilson 2006).  As a result, the tapetum ruptures and 
releases material, constituting the pollen coat, that is deposited on and within the pollen 
exine (Lersten 2008).  At ET in ire1a ire1b, the close coordination between the 
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development of the male gametophyte and the surrounding sporophytic tissue may be 
disrupted at later stages.  We conclude, therefore, that the IRE1 arm of the UPR signaling 
pathway contributes to the protection of pollen production at ET by maintaining the 
function of the tapetum and its coordination with male gametophyte development 
(Figure 7).  Our results also suggest that for heat protection, IRE1 may not only be 
required splicing bZIP60, but possibly for degrading other RNA transcripts through its 
RIDD activity.
Experimental procedures 
Lines and growth conditions 
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used in this study, and the 
mutants bzip60-2 (SAIL_283_B03, AT1G42990), ire1a-2 (SALK_018112; 
At2g17520), ire1b-4 (SAIL_238_F07; At5g24360), ire1b-5 (GABI_638B07).  The ire1a-
2 ire1b-5 double mutant was kindly obtained from N. Koizumi (Osaka Prefecture 
University).  Plants were transformed using standard floral-dip Agrobacterium 
transformation techniques (Clough and Bent 1998) and pSKM36 vectors conferring 
kanamycin resistance (Liu et al. 2007).  The kanamycin resistance in the double mutant 
lines was sufficiently weak so as to allow for selection of kanr tr sformants, which were 
further screened for transgene expression using primers as indicated (T ble S6).   Seeds 
were stratified at 4°C for 3 d before germination.  Plants were grown on agar in
Linsmaier Skoog (LS) medium (1× LS salts, 1% sucrose, 0.8% Agar) with continuous 
white light illumination at RT (23°C) or on soil with 16 hr light, 8 hr dark illumination at 
RT and shifted to ET (27.5°C), as indicated, upon bolting.  
Light microscopy and electron microscopy 
Analysis of pollen viability was performed using Alexander’s staining as 
described by Peterson et al. (2010). For exine analysis, pollen was stained with Auramine 
O and observed by spinning disk confocal microscopy (Perkin-Elmer) using 491 nm 
excitation, 528/38 nm emission filter. Flower buds from various anther developmental 
stages were fixed, sectioned and stained for light and transmission electron microscopy 
under standard conditions. For scanning microscopy fresh dehisced pollen was sputter 
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coated with palladium:gold (80:20) and viewed with a JEOL 5800 scanning electron 
microscope (www.jeol.com). Two-photon laser scanning microscopy analysis was 
carried out as described in Quilichini et al. (2014b) using an Olympus Multi-photon 
Laser Scannig Microscope FV1000MPE.  Anther intrinsic fluorescence was examined 
using 720 nm excitation and the BFP/GFP/RFP/DsRed filter cube for four-channel 
imaging of anthers. Emission was captured in two channels, RXD1 (420 to 460 nm, 
colored teal) and RXD2 (495 to 540 nm, colored red).  
RNAseq analysis 
Total flower RNA was extracted from three replicate samples of stage 10-11 
flowers of WT and ire1a ire1b plants grown after bolting at ET.  Total seedling RNA 
from three replicate samples was obtained from ER stressed WT and ire1a/b seedlings 
grown vertically on solid agar plates containing 1/2 LS medium for 7 days, and then 
incubated for 6 h in the dark in liquid 1/2 LS media containing 5 μg/mL tunicamycin. 
RNA was extracted using a RNeasy kit (Qiagen, 74903) and analyzed and quantified on 
an Agilent 2100 Bioanalyzer.  cDNA libraries were generated from the RNA samples and 
subjected to DNA sequencing (100 bp, paired end) on an Illumina Hiseq 2500 analyzer.  
Short read sequences were aligned to Arabidopsis genome (TAIR10) using 
GSNAP software (Wu and Nacu 2010).  Only uniquely mapped reads were considered 
for downstream differential expression (DE) analysis. Arabidopsis genemodels were 
downloaded from TAIR and read counts for each gene model was obtained using the 
HTSeq program developed by Anders et al. (2014).  Differential expression analysis was 
performed using QuasiSeq package (Lund et al. 2012) in R. For DE analysis, each 
mutant was compared against WT individually. Upper quartile normalization was used to 
normalize the read counts for library size. In QuasiSeq, QLSpline methods were used to 
account for over-dispersion effects. To account for the multiple testing, q-values were 
estimated for each gene model. 
Flower RNA was also reverse transcribed and analyzed by qRT-PCR, performed 
with gene-specific primers (Table S6). using PerfeCTA SYBR Green FastMix (Quanta, 
95074).  A TiP41-like gene was used as an internal control and for normalization 
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(Czechowski et al. 2005).  A standard curve method was used to analyze the quantitative 
RT-PCR data (Larionov et al. 2005). 
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Figure S1. Reproductive, but not vegetative development is affected in the double
ire1a-2 ire1b-4 mutant at ET.  
Figure S2.  Silique development in the ire1b single mutant is not sensitive to ET. 
Figure S3.  Silique development in an ire1a ire1b double mutant, bearing a different 
ire1b allele, is sensitive to ET. 
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and the double mutants at ET in flowers.   
Figure S7. Splicing of bZIP60 mRNA in flowers occurs in WT, but not ire1a ire1b 
flowers at RT or ET.  
Figure S8. bzip60-2 is less fertile at ET. 
Figure S9.  Domain structure of IRE1 and point mutations that inactivate the function of 
the various domains. 
Table S1.  Genes downregulated in ire1a ire1b flowers. 
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 Gene expression differences in ire1a ire1b flowers for genes known to 
affect pollen and/or tapetal development. 
Table S3.  Gene expression differences in the pollen metabolome in ire1a ire1b 
flowers.
Table S4.  Genes upregulated in re1a ire1b flowers. 
Table S5.  Genes downregulated in ire1 ire1b seedlings. 
Table of primers used in this study. 
Arabidopsis RNAseq analysis of WT, ire1a ire1b (1ab) and bzip60-2 
flowers from plants moved to 27.5°C upon bolting and sampled at flower stage 10-
11.  
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Table 1.  Reciprocal crosses.
♂ parent ♀ parent #seeds/silique 
ire1a ire1b WT 0.25 ±0.25* 
WT ire1a ire1b 27.3 ±2.3 
Reciprocal crosses to determine which double mutant parent contributes to sterility 
defects at ET.  Homozygous double mutant and WT parents were grown at ET upon 
bolting.  The number of seeds per silique (n= 3-4 siliques) was counted in the progeny of
the crosses as indicated.  *Errors are SE, n= 3-4 siliques 
Table 2.  Transmission of the ire1b mutant allele. 
ire1a/ire1a
ire1b/+ parent
Genotype of progeny 
+/+ ire1b/+ ire1b/ire1b 
Observed 35 63 21 
Expected* 29.75 59.50 29.75 χ2 = 3.70** 
Transmission of the ire1b mutant allele to progeny in the heterozygous parent that has 
been selfed and grown at ET upon bolting.  *Assuming a 1:2:1 ratio.  ** DOF = 2, ฀Χ2 
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is less than the test value of 5.99 meaning that the deviation from the expected 
segregation ratio is not significantly different at a 95% confidence level. 
Figure 1.  Silique development and seed production are blunted in the double ire1a 
ire1b mutant at ET.   
(a) WT and ire1a-2 ire1b-4 mutant plants were grown on soil at RT and shifted to ET 
upon bolting.  Siliques on the double mutants at ET were sparse, shortened, and generally 
bore few seeds.  ire1a-2 ire1b-4 was subjected to complementation analysis by 
introducing IRE1b and various mutant forms of IRE1b as transgenes. White arrows point 
out examples of the mature siliques assessed for silique length and number of seeds.  
Single inflorescences are shown from the 8 pots of plants for each mutant. (b)Mean 
silique lengths (n=15 siliques) and the mean number of seeds per silique (n=5 siliques) 
were determined for WT and the double mutant grown at ET.  Error bars = SE.   Stars 
indicate significant differences (at a 95% confidence level) in the mean silique 
length relative to ire1a ire1b 35S:IRE1b as determined by Dunnett’s multiple 
comparisons test. 
Figure 2.  Pollen development is defective in double ire1a ire1b mutant at ET. 
Stamens from WT and ouble ire1a ire1b mutant grown at RT or shifted to ET upon 
bolting.  Pollen grains in excised stamens from newly opened flowers were stained with 
Alexander’s stain, a vital stain.  Red-stained pollen are viable, blue or green stained 
pollen are not viable (Peterson et al., 2010).  The images shown here are representative of 
the many samples analyzed.   
Figure 3.  Defects appear in the tapetum and in pollen coat in the double ire1a ire1b 
mutant at ET.
WT and ire1a ire1b were grown at RT and shifted to ET upon bolting.  Sections of anther 
locules at the indicated anther developmental stages (Goldberg et al., 1993) were stained 
with toluidine blue O. Arrows highlight highly vacuolated tapetal cells at an early pollen 
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stage.  The images shown here are representative of the many samples analyzed.  Bars = 
20 µm.   
Figure 4.  P
Transmission (TEM, upper panels) and scanning (SEM, lower panels) electron 
micrographs of developing pollen in WT (a-b, e) and ire1a ire1b (c, d) grown at ET upon 
bolting.  TEM micrographs shows pollen wall of WT before (a) and after (b) the pollen 
coat has been deposited. The images shown here are representative of the many samples 
analyzed.  More images are shown in FigS4.   Bars = 1 µm for TEM; 10 µm for SEM. 
Figure 5. Fluorescent properties of the pollen coat are altered 
Two-photon microscopy images of living anthers from WT and ire1a ire1b grown at RT 
and shifted to ET upon bolting.  Anther intrinsic fluorescence, with emission from 420 to 
460 nm (falsely colored teal) and 495 to 540 nm (falsely colored red).  Fluorescence in 
both wavelength channels appears white. Bars = 20 µm. 
Figure 6.  Overexpression of SEC31A rescues the temperature sensitive sterility of 
ire1a ire1b.
(a)  In the upper panel, RT-PCR analysis of the levels of SEC31A expression in seedlings 
of four transgenic lines (S-1 through S-5) bearing 35S:SEC31A constructs in an ire1  
ire1b background. In the lower panel, a comparison of the levels of SEC31A expression 
between a high expressing line (S-2), a low expressing line (S-5) and WT.  (b) WT, ire1a 
ire1b and two of the transgenic lines (S-2 and S-5) were grown at RT and shifted to ET 
upon bolting. Arrows point out siliques.  Bar = 1 cm. (c) Mean silique length of the four 
lines shown above.  Error bars = SE, N = 20.  (d) Open siliques in the four lines above. 
Many seeds per locule were observed in the high expressing line, S-2 (29.6 seeds/silique 
± 1.6 (SE), N=3) at ET while only a few undeveloped ovules per locule were seen in the 
low expressing line S-5 (6 per silique ± 1.8 (SE), N=3) with comparable numbers in the 
ire1a ire1b mutant.  Bar = 1 mm.  Stars indicate significant differences (at a 95% 
confidence level) in the mean silique length relative to ire1a ire1b as determined by 
Dunnett’s multiple comparisons test. 
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Figure 7.  Role of IRE1a and IRE1b in the tapetal cell development and function.  
The UPR is activated during anther development, presumably because the demands for 
protein folding and secretion lead to ER stress.  ER stress activates IRE1a and IRE1b 
either one of which or both catalyze bZIP60 mRNA splicing (and the synthesis of the 
spliced form of bZIP60, bZIP60(s)) or the degradation of other mRNAs via RIDD.  The 
UPR supports the synthesis and/or transport of pollen coat components and helps to 
maintain the coordination between tapetal and male gametophyte development.   At ET 
and in the absence of UPR, tapetal cell functions are compromised and the coordination 
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Figure 1.  Silique development and seed production are blunted in the double ire1a ire1b mutant at ET.   
(a) Wild type and ire1a-2 ire1b-4 mutant plants were grown on soil at (RT) 23°C and shifted to ET (27.5°C) upon bolting.  
Siliques on the double mutants at ET were sparse, shortened, and generally bore few seeds.  ire1a-2 ire1b-4 was subjected 
to complementation analysis by introducing IRE1b and various mutant forms of IRE1b as transgenes. White arrows point out
examples of the mature siliques assessed for silique length and number of seeds.  (b) Mean silique lengths (n=15 siliques)
and the mean number of seeds per silique (n=5 siliques) were determined for WT and the double mutant grown at ET.  Error 
bars = SE. Stars indicate significant differences (at a 95% confidence level) in the mean silique length relative to ire1a ire1b
35S:IRE1b as determined by Dunnett’s multiple comparisons test. 
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Figure 2.  Pollen development is defective in double ire1a ire1b mutant at ET. 
Stamens from WT and double ire1a ire1b mutant grown at RT or shifted to ET upon 
bolting.  Pollen grains in excised stamens from newly opened flowers were stained 
with Alexander’s stain, a vital stain.  Red-stained pollen are viable, blue or green 
stained pollen are not viable (Peterson et al., 2010). 
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Figure 3.  Defects appear in the tapetum and in pollen coat in the double ire1a
ire1b mutant at ET.
WT and ire1a ire1b were grown at RT and shifted to ET upon bolting.  Sections of 
anther locules at the indicated anther developmental stages (Goldberg et al., 1993) 
were stained with toluidine blue O. Arrows highlight highly vacuolated tapetal cells at 
an early pollen stage. The images shown here are representative of the many 









Figure 4.  The pollen wall and coat in ire1a ire1b at ET.   
Transmission (TEM, upper panels) and scanning (SEM, lower panels) electron 
micrographs of developing pollen in WT (a-b, e) and ire1a ire1b (c, d) grown at ET 
upon bolting.  TEM micrographs shows pollen wall of WT before (a) and after (b) 
the pollen coat has been deposited. The images shown here are representative of 
the many samples analyzed.  More images are shown in FigS4.   Bars = 1 µm for 
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Figure 5. Fluorescent properties of the pollen coat are altered in ire1a
ire1b at ET.
Two-photon microscopy images of living anthers from WT and ire1a ire1b 
grown at RT and shifted to ET upon bolting.  Anther intrinsic fluorescence, with 
emission from 420 to 460 nm (falsely colored teal) and 495 to 540 nm (falsely 
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Figure 6.  Overexpression of SEC31A rescues the temperature sensitive sterility of 
ire1a ire1b. 
(a)  In the upper panel, RT-PCR analysis of the levels of SEC31A expression in seedlings 
of four transgenic lines (S-1 through S-5) bearing 35S:SEC31A constructs in an ire1a ire1b 
background. In the lower panel, a comparison of the levels of SEC31A expression between 
a high expressing line (S-2), a low expressing line (S-5) and WT.  (b) WT, ire1a ire1b and 
two of the transgenic lines (S-2 and S-5) were grown at RT and shifted to ET upon bolting. 
Arrows point out siliques.  Bar = 1 cm. (c) Mean silique length of the four lines shown 
above.  Error bars = SE, N = 20.  (d) Open siliques in the four lines above. Many seeds per 
locule were observed in the high expressing line, S-2 (29.6 seeds/silique ± 1.6 (SE), N=3) 
at ET while only a few undeveloped ovules per locule were seen in the low expressing line 
S-5 (6 per silique ± 1.8 (SE), N=3) with comparable numbers in the ire1a ire1b mutant.  Bar 
= 1 mm. Stars indicate significant differences (at a 95% confidence level) in the mean 
silique length relative to ire1a ire1b as determined by Dunnett’s multiple comparisons test. 

















Figure 7.  Role of IRE1a and IRE1b in the tapetal cell development and 
function.  The UPR is activated during anther development, presumably because 
the demands for protein folding and secretion lead to ER stress.  ER stress 
activates IRE1a and IRE1b either one of which or both catalyze bZIP60 mRNA 
splicing (and the  synthesis of the spliced form of bZIP60, bZIP60(s)) or the 
degradation of other mRNAs via RIDD.  The UPR supports the synthesis and/or 
transport of pollen coat components and helps to maintain the coordination between 
tapetal and male gametophyte development.   At ET and in the absence of UPR, 
tapetal cell functions are compromised and the coordination with male gametophyte 
development breaks down disrupting normal pollen formation and dehiscence. 
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